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SPONTANEOUS TRANSITION OF SLIDING FRIC!TION TO ROLLING F R I C T I O N  
IN TEE HIGH-TEMPERATURE TESTING OF REFRACTORY CARBIDES 

(Presented by Academician A. A. Blagonravov, 23 Ju ly  1964) 

A.BSTRACT 
c- 

Two specimens, both of vanadiw o r  molybdenum carbide, were f r i c -  
I i I, 

: %  t i o n  tes ted by being made t o  rub together in vacuum with simul- 

taneous heating and subsequent cooling. 

mens 

case from 0.6 t o  0.3, then the onset of osc i l la t ions  i n  the  

When heated, the speci- 

manifested a decrease i n  mean f r i c t i o n  coefficient,  i n  one 

f r i c t i o n  coefficient with a sharp r i s e  i n  f r i c t i o n  coefficient 

( t o  0.85), and, f ina l ly ,  the spontaneous t rans i t ion  from sl iding 

t o  ro l l i ng  f r i c t i o n  with a concomitant drop i n  the mean f r i c t i o n  

coefficient t o  0.05. The effect  i s  explained by a surface- , 

----_I . . - _ _  
-I . * 2 -  __ - -  - - - - - - 

geometric mechanism, whereby the surfaces i n  contact crumble a t  

high temperature, e ject ing ba l l s  of the  tes ted 

f i t  in to  p i t s  or grooves and ac t  as r o l l e r  bearings. 

The vacuum f r i c t i o n  t e s t ing  of specimens made from the same stock of vanad-/1057* 

i u m  carbide VC or  molybdenum carbide Mo C y  following a procedure described 
2 

' e a r l i e r  (ref. 1) ( f r i c t ion  of tubular specimens against contact surfaces made 
' ,I 
' ' , i n  the form of a sphere of large radius) disclosed a peculiar kind of wear a t  
ii.! J > ' ,  

I 2  
i, <, 
L,Lv r 

I 

high temperatures, where the s l id ing  f r i c t ion  changed spontaneously t o '  ro l l ing  

f r ic t ion .  

- 

- 1  

-- 

) ,  
; -  i *Numbers i n  the margin indicate pagination i n  the or iginal  foreign tex t .  

-_ . * 

. . . .  

..... .... . . . . . . . . .  , E 1  .- .- _._ 



I '  
r 

._ - 
The specimens of these materials differed fromthe basic ser ies  of speci- 

mens tes ted  i n  reference 1 i n  the large width of the f r i c t i o n  surface of the 

1 lower specimen ( f ig .  1). A s  a result ,  the  probabili ty of the products of spec- 

5men wear being carried away from the f r i c t i o n  zone was somewhat diminished, 

because of: 1) an increase i n  the width of the  contacting surface; 2) a de- 
J 

1 1  /crease i n - t h e  angle of incl inat ion of tbe annular fYiction surface a t  i t s  insidk- 1 
- ', , 
I -  - 

* boundary; 3) a decrease i n  the space between the rod and inside opening i n  the : 

lower specimen (inside diameter of  I3 mm instead of 14 am). 

- '  I 
Figure 1. D i a g r a m  of the Friction-Testing Setup and Principal 

Dimensions o f  the  Specimens. 

I A normal load was applied t o  the specimens by the  bending of f l a t  springs, 

which served simultaneously as measuring elements (resistance gauges were bonded 
,- 
4, on these springs). A s  a rule,  the load applied in i t ia l ly  varied only s i igh t ly  
) 1  I 

* _  4 i  ; 
L2 'during tes t ing ,  f a l l i n g  off somewhat with heating due t o  the  difference i n  

- 1  
- 
!,L ,thermal expansion of the  par ts  t o  which the  upper and lower specimens were at- 

> -  

tached (graphite rod and tube). In  the t e s t s  conducted i n  the present invest i -  

gation, the reverse pattern w a s  observed a f t e r  exceeding def in i te  temperatures, 

i .e.,  the  recorded load spontaneously made a sharp increase and became nonuniform 
, 

-- I 1 

.> /.(appearing as jumps i n  the record), and'the.friction moment decreased. . 
I .. ._ - - - 
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The spontaneous increase i n  load, evincing an additional bending of the  

loading springs, i s  a consequence of separation of the specimens, which could 

only occur as the  r e s u l t  of a very intense impairment of the  surfaces or, equiv- 

a lent ly ,  t he  occurrence (or formation) of r e l a t ive ly  large par t ic les  between 

the f r i c t i o n  surfaces. 
6 -  I t  

! J  
, s  ! 

) I ,  I n  the course of heating of t he  molybdenum carbide specimens, exceeding a 
, ^ !  

temperature of l 2 5 O o C  led t o  a rather abrupt increase i n  the f r i c t i o n  moment for 

a fixed value of the  load. A t  -1700°C, the  mean values of the f r i c t i o n  coef- 

f i c i e n t  climbed almost t o  1.0, a f t e r  whPch began a spontaneous increase i n  the 

load with a steep drop i n  the f r ic t ion  moment. The mean f r i c t i o n  coefficient 

' a t  t h i s  point f i r s t  dropped t o  O.lg,then t o  0.09. A s  a r e su l t  of t he  enormous * 

increase i n  load, the  graphite p i n  used t o  f i x  the upper specimen on the  rod 

w a s  severed, and tests were not performed on t he  specimens during cooling. O n  

separating the specimens a f t e r  cooling, round par t ic les  of molybden& -&bide 

were found between the f r i c t i o n  surfaces, photographs of these appearing i n  

figure 2A (the larger par t ic le  has a diameter  of -1.5 mm). 

, -  

1- _ "  - -  _ _  .__I. 

Consequently, during 

the rubbing process, a r t e r  exceeding a def in i te  temperature there occurs a 

spontaneous formation of round wear particles between the  contacting surfaces. 

The f r i c t i o n  surface of the upper and lower specimens have three c lear ly  

marked and very d i s t inc t  ( i n  outward appearance) zones. 

i n  the  photograph, shown i n  figure a, of the vanadium carbides (testedlfduring 

heating and subsequent cooling). The outer, ra ther  broad annular regions have 

an uneven rough surface, on which traces of  slipping are not i n  evidence (f ig .  

2C, zone a) .  

rather deep grooves with shiny smooth surfaces and no appreciable t races  of 

slipping. 

They are  q u i t e  evident 

Neas the inner edge of the specimens, opposite one another, are  

A t  the  edges of these grooves (projecting above the  general l eve l  of 
I 

._ .... I . 
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Figure 2. A) Round Wear Particles,  Formed i n  the Rubbing of Molybdenum 
- <> I - -  Carbide - _ _ _ _  Specimens and Acting as Rolling Bodies (X-30). B) Outward T3 =, 

Appearance of the Va6G3iUm C&b$de- S p e c k n s  Testea. C> A P63Ton 
of the  Frict ion Surface of the Lower Vanadium Carbide Specimen: 
a) Rough Uneven Surface; b)  Grooves with a Shiny Smooth Surface; 

c) Smooth Even Surfaces (X 15). 

. 

the f r i c t i o n  surfaces) are  smooth, even, shiny portions on which slipping has 

occurred i n  the  very l a s t  phase of testing. 

The low va lues  of the f r i c t i o n  coefficient, rounded form of the  wear par-  

t i c l e s ,  and shape of the  grooves appearing on the  f r i c t i o n  surfaces of the  upper 

.+I and lower specimens are evidence tha t  these par t ic les  must have rol led i n  the  
L t ?  

- - I  grooves during rubbing, acting l i ke  r o l l e r  bearings (which have appeared of 

- /  t h e i r  own accord). 

1 ,  a 

.L. 
, _  i 

B u t  the presence of jumps i n  the  recorded load i s  due t o  

the  f a c t  t h a t  the par t ic les  are not perfect spheres and t h a t  there a re  irregu- 

l a r i t i e s  and protrusions on the bottom of the  grooves. 
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The mechanism of formation of the coarse round w e a r  par t ic les  might be /io59 

described as follows. 

t he  tendence f o r  grabbing (as manifested in an increased mean value of the  f r i c -  

t i o n  coefficient)  increases and plast ic  deformation becomes possible. 

ing de f in i t e  conditions (i.e., a certain re la t ion  between the  grabbing tendency 
I : 3 

:and the  mechanical a t t r ibu tes ) ,  the  par(;icles t h a t  become separated on disinte-i ; 

gration of the  grabbing nodes become f ree  t o  roll between the  surfaces. 

high tendency toward grabbing and, clearly, the  low breaking strength under 

these conditions lead t o  growth of  the par t ic les ,  l i k e  the  growth of a snowball 

when it i s  rol led i n  the  snow a t  temperatures near freezing. This kind of wear 

A s  the  temperature of t he  tes ted  carbides i s  increased, 

On a t ta in-  

F 

The 

i s  observed i n  the rubbing of rubbers and cer ta in  polymeric materials and might 
- 

therefore be called, by analogy, “roll ing” w e a r .  The ro l l i ng  bodies thus forme 

reach an equilibrium size appropriate t o  given conditions (temperature, f r i c t i o  

‘path). 

r o l l  around i n  p i t s  dug thereon or on the f r i c t i o n  surfaces of the  grooves 

(f ig .  yll), forming as a whole a kind of spontaneously generated r o l l e r  bearing. 

I -  

- - - I _ -  .- I-̂ ._ -r- - -  I- _ _  - - - - -_ - - __I 
In the  re la t ive  displacement of the  contacting f r i c t i o n  surfaces, they - ‘ 

, ,  
i r  

Figure 3. Fr ic t ion  Pattern: A) i n  Il.ansition t o  Rolling; 
B) with Simultaneous Rolling and Sliding. 

With a reduction i n  temperature, the tendency t o  grab becomes l e s s  and t h  

conditions for restor ing the dimensions of the ro l l i ng  bodies disappear. A s  a 

r e s u l t  of t h e i r  wear or separation, the reverse t rans i t ion  t o  s l id ing  f r i c t i o n  
-1 ~ 

51 joccurs, as  evinced by the  spontaneous reduction i n  load and change i n  cbaracte 
*- - i 1 . 

- 1 
I_---_- I ! --5_--r . _._ - 
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of t h e  load record. The value of the f r i c t i o n  coefficient i n  t h i s  case in- 

creases, but does not a t t a i n  the  values t h a t  occurred i n  heating. This permits 

1 the  assumption t h a t  the ro l l ing  element's can be preserved a t  low temperatures 
-. 

as  well. 

, The occurrence of residual rol l ing i s  possible when the  ro l l ing  bodies 
r 

;located i n  the  grooves are worn down to,dimensions t h s t  do not impede d i rec t  

contact (and mutual sl iding) of the f r i c t ion  surfaces. 

schematically i n  figure JB, p a r t  of the normal load w i l l  be perceived as before 

by the ro l l i ng  bodies and the  total  f r i c t ion  force w i l l  be the sum of s l id ing  

* 

I n  t h i s  case, shown 

f r i c t i o n  and ro l l ing  f r ic t ion .  

t he  temperature i s  lowered t o  a value governing the l imiting degree of f r i a b i l -  

Apparently, t h i s  pattern can ex i s t  only when /l&O 

i t y  of the carbide a t  which ro l l ing  par t ic les  become detached. 

- _  - _  - -  -_I - - -  ! 

i 
i 

I , i.. 

Figure 4. Temperature Dependences of t he  Frict ion Coefficient, 
Obtained i n  the Rubbing of Vanadium Carbide Specimens 

in Vacuum (During Hesting and Cooling). 

, 

Figure 4 shows the r e su l t s  of the last ( th i rd)  t e s t  on vanadium carbide 
I 

specimens in vacuum during heating as w e l l  a s  subsequent cooling. The curves 
- ' I  

c 1 [are-drawn fo r  the mean values of the. f r i c t ion  coefficient (heavy l ines)  ,and_ f o r  

6 - _  i I -  

t--- -1.1 -.I i 
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discontinuous-type s l id ing  f o r  i t s  maximum values ( f ine l ines).  

strokes on the  l i ne  of maximum values of  the  f r i c t i o n  coefficient indicate the 

presence of continuous f r i c t ion  autooscgllations of large amplitude under the  

given conditions. 

The ve r t i c l e  

The experimental points axe plotted only f o r  the  mean values 

- I  of t he  f r i c t i o n  coefficient. The points f o r  which ro l l ing  i s  typ ica l  are 
, 

1 1 pmked by small circles .  I 
. .  
I _  

I n  heating, the  mean value of the f r i c t i o n  coefficient decreases smoothly 

from 0.60 a t  room temperature t o  -0.3 a t  100O'C (minimum value). The t ransi t ion 

t o  continuous autooscil lations i n  heating was observed during recording a t  lOl5O. 

The increase i n  temperature was accompanied by an increase i n  amplitude of the 

autooscil lations and, even moreso, i n  the m e a n  f r i c t i o n  coefficient - t o  0.65 

a t  1460'. Further heating ( t o  1545") induced a t rans i t ion  from sl iding t o  

ro l l i ng  f r i c t i o n  with a l l  the  outward manifestations described above. The amp- 

l i tude  of the  osci l la t ions f e l l  off sharply, and-the E& va lue  of t he  f r i c t i o n  
- - _-I_ - _ _  I--__ - 

I 

-'L'  coefficient dropped t o  0.13. With quick freezing of the  specimens t o  1225' and 

subsequent heating t o  1635', the  rol l ing f r i c t i o n  remained very s table ,  the 

mean f r i c t i o n  coefficient dropping t o  0.05. 

During cooling, the ro l l ing  f r ic t ion  retained i t s  magnitude down t o  about 

1300°, a f t e r  which began a t rans i t ion  t o  s l iding f r i c t ion ,  which was completed 

*-"' f o r  the  most p a r t  a t  a t h p e r a t u r e  of-l225'. A fur ther  reduction i n  tempera- 

, t u r e  was accompanied by a smoth increase i n  mean v a l u e  of the  f r i c t i o n  
1*.? 

- + '  f i c i en t ,  completing i t s  steep r a t e  of increase near room temperature. The 

1 %  1 

I " .  

smaller values of the f r i c t ion  coefficient during cooling are due t o  the f a c t  

-' t h a t  a f t e r  the cessation of pure rol l ing they provided a p a r t i a l  contribution 

t o  the  f r i c t i o n  down t o  room temperature according t o  the pat tern i l l u s t r a t ed  
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It follows from a comparison of the ser ies  of three t e s t s  Gn vanadium car- 

bide specimens t h a t  each succeeding experiment i s  characterized b$ a more 

- c lear ly  pronounced high-temperature t rans i t ion  from sl iding f r i c t ion ,  with a 

high mean value of the f r i c t i o n  coefficient, t o  ro l l ing  f r i c t i o n  with a re la -  

.; t ively low f r i c t i o n  coefficient. This i s  c l e a r l y t h e  r e su l t  of an accumulation 

I 1 :of mdi f ica t ions  i n  the  geometry of the,  contacting f r i c t i o n  surfaces (formation' 

' 3  o f  opposing annular grooves on the f r i c t ion  surfaces) and the  removal from the  

r ,  I 
E 

" _  8 
. L  

specimens of impurities ejected a t  high temperatures. 
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